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Abstract 

Background: Alagille syndrome (ALGS) is a rare autosomal dominant multisystem disorder that affects the liver, 
heart, eyes, vertebrae, and kidneys and is associated with characteristic facies. This work aimed to study the spectrum 
of the clinical features of ALGS in an Egyptian cohort of patients in conjunction with partial sequencing of the JAG1 
gene.

Methods: This study included 17 pediatric ALGS patients diagnosed on clinical grounds: facial features, cholestatic 
liver disease, and cardiac, vertebral, and ocular findings. Molecular analysis was conducted in 10 selected exons of the 
JAG1 gene.

Results: The clinical features of ALGS included cholestatic liver disease (100%), facial dysmorphism (100%), cardiac 
abnormalities (88.2%), butterfly vertebrae (64.7%), posterior embryotoxon (35.2%), poor growth (41%), xanthomata 
(11.8%), and hiatus hernia (11.8%). Five novel pathogenic JAG1 mutations were identified in this study, including two 
nonsense mutations, one splicing mutation, one frameshift insertion, and one frameshift deletion. In two patients, the 
mutations were confirmed to be de novo, as the mutations could not be detected in both parents.

Conclusion: Five novel JAG1 pathogenic variants were identified in this study. This is the first molecular study to 
report pathogenic mutations in the JAG1 gene within an Egyptian cohort of children with ALGS.
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Introduction
Alagille syndrome (ALGS; OMIM 118450) is a rare 
pediatric autosomal dominant multisystem disorder 
with characteristic facial features and abnormalities in 
the liver, heart, eyes, skeleton, and kidneys. The onset 
becomes evident in infancy or early adolescence [1], 2, 
20, 27, 28. ALGS prevalence is ~ 1:70,000 live births and 
is caused mainly by mutations in the JAG1 or NOTCH2 

gene: ~ 94% of ALGS patients are associated with a muta-
tion in the JAG1 gene, whereas 1% to 2% of patients 
are due to the NOTCH2 gene [22, 24]. ALGS may dif-
fer greatly in symptoms and severity between individu-
als. Common clinical presentations include a paucity of 
intrahepatic bile ducts leading to jaundice and pruritus, 
congenital heart defects, butterfly vertebrae, posterior 
embryotoxon, growth retardation, and distinct facial 
characteristics [5]8, 28. Renal, pancreatic, and vascular 
system diseases, notably intracranial vascular anomalies, 
are all known manifestations of ALGS, all of which con-
tribute to the injuries and deaths they cause [19].
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ALGS was the first identified condition implicating the 
Notch signaling pathway and the first human condition 
to be caused by the defective Notch ligand JAG1 gene [2] 
7, 28, 31. De novo pathogenic variants are identified in 50 
to 70% of ALGS cases. The risk of siblings of a proband 
with an apparent de novo pathogenic variant is very low 
but still greater than the general population because 
of the possibility of germline mosaicism [21]. Reduced 
penetrance and variable expression are frequent, and 
somatic/germline mosaicism is also fairly common in this 
condition [31]. Roughly two thirds of detectable patho-
genic variants in the JAG1 gene can be found in 10 out of 
26 JAG1 exons, many of which have a functional effect on 
the JAG1 protein [33]. According to the reported exonic 
variants in Ensembl GRCh38.p13, the number of total 
exonic variants is 2305, and 49% of the reported variants 
can be detected in a number of exons [12] [Gene: JAG1 
(ENSG00000101384) - Variant Table - Homo_sapiens 
- Ensembl Genome Browser 104, 11]. To date, Egyptian 
ALGS patients were not subject to any molecular studies 
just a few clinical records of the disease and its clinical 
features [13–15]. The molecular diagnosis and detection 
of a JAG1 gene mutation permit effective genetic coun-
seling and prenatal diagnosis. The principal objective of 
this study was to shed light on the clinical presentation of 
ALGS patients in an Egyptian cohort in conjunction with 
screening on a number of selected exons in JAG1 gene by 
Sanger sequencing.

Patients and methods
This cohort included 17 ALGS patients from 16 unre-
lated families; 2 patients were twin brothers. They were 
recruited from the Pediatric Hepatology Unit, Cairo Uni-
versity Pediatric Hospital (Cairo, Egypt) and the Clinical 
Genetics Clinic, National Research Centre. The ALGS 
diagnosis was based on the presence of three or more of 
the five major clinical features: chronic cholestasis, car-
diovascular abnormalities, skeletal anomalies, posterior 
embryotoxon seen on slit-lamp examining the anterior 
chamber or optic nerve drusen detected by ocular ultra-
sound, and characteristic facies, including triangular face, 
prominent forehead, hypertelorism with deep-set eyes, 
and pointed chin [17].

The following data were collected:

o Clinical data, including growth parameters, jaundice, 
hepatomegaly, splenomegaly, pruritus/scratch marks, 
characteristic facies, xanthomas, cardiac murmurs, 
and evidence of renal disease

p Liver function tests for evidence of cholestatic liver 
disease: total and direct serum bilirubin, alanine 
aminotransferase (ALT), aspartate aminotransferase 
(AST), alkaline phosphatase (ALP), γ-glutamyl trans-

peptidase (GGT), serum albumin, prothrombin time, 
concentration, and international normalized ratio 
(INR)

q Lipid profile: total cholesterol, low-density lipopro-
tein-cholesterol (LDL-C), high-density lipoprotein-
cholesterol (HDL-C), and triglycerides

r X-ray cervical, thoracic, and lumbar vertebrae
s Echocardiography
t Ocular examination, including slit-lamp examination 

for posterior embryotoxon and ocular ultrasound for 
optic nerve drusen

u Histopathological examination of liver biopsy when 
available. A paucity of bile ducts was defined as a 
ratio of interlobular bile ducts to portal areas of < 0.5 
to 0.7. A sample containing at least six portal tracts 
was considered adequate [19].

DNA extraction
About 3–5 mL whole blood were collected for genomic 
DNA extraction using either the salting-out protocol 
[26] or the QIAamp DNA Mini Kit (Qiagen; according 
to manufacturer’s recommendations). The isolated DNA 
concentration was determined roughly using the Nan-
oDrop spectrophotometer 2000 (NanoDrop Technolo-
gies, Montchanin, DE, USA) at 260/280 nm.

Primer design and exon amplification of the JAG1 gene
Specific primers of a number of selected JAG1 exons have 
been designed using Primer 3 and the available genomic 
reference sequence in National Center for Biotechnol-
ogy Information (NCBI) (NM_000214.3). According 
to Warthen et  al. [33], 10 exons were selected, includ-
ing exons 2, 4, 6, 7, 9, 16, 17, 18, 23, and 24, according 
to the reported exonic variants on Ensemble GRCh38 
assembly. Collectively, 1119 of the total 2305 mutations 
were detected in the selected exons [12] [Gene: JAG1 
(ENSG00000101384) - Variant Table - Homo_sapiens 
- Ensembl Genome Browser 104, 11]. The primers have 
been designed to flank the coding regions. The extracted 
DNA has been used for the polymerase chain reaction 
(PCR) amplification of different exons.

Sanger sequencing and segregation studies
The purified PCR products were utilized for the Sanger 
sequencing method using BigDye™ Terminator version 
3.1 Cycle Sequencing Kit (Applied Biosystems, Thermo 
Fischer Scientific) as recommended by the manufacturer. 
The sequencing results were analyzed using Bioedit, 
and the resulted sequences were aligned to the nucleo-
tide database using BLAST, NCBI. The detected variants 
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were examined in other members of the patients’ fami-
lies to deliver proper genetic counseling to the patients’ 
families.

Evaluation and prediction of the mutation effect
The effect of the mutation on the gene function was 
assessed by checking the dbSNP and Clinvar data-
bases and using a number of different programs and 
algorithms, including Polyphen2 and Mutation tester. 
The Varsome platform was used to classify the variant 
based on the American College of Medical Genetics and 
Genomics (ACMG) and the Association of Molecular 
Pathology guidelines.

Results
The study included 17 patients diagnosed clinically with 
ALGS; 9 (52.9%) patients were males. Seven (41.2%) 
patients had growth failure. All patients presented with 
cholestatic jaundice before age 3  months. On recruit-
ment, 9 of 17 patients still had cholestatic jaundice. The 
characteristic facies were present in all (100%) patients. 
One patient presented with thalassemia intermedia in 
addition to ALGS, but he had no characteristic facies 
of thalassemia (Fig.  1A). Hepatomegaly was found in 
11 (64.7%) patients, and splenomegaly was found in 4 
(23.5%) patients. None had ascites. Xanthomata were 
detected in 2 (11.8%) patients. Liver biopsy was done in 
12 patients; a paucity of interlobular bile ducts was pre-
sent in 5 (41.7%) patients. Fifteen (88.2%) patients had 
abnormal findings in echocardiography. Peripheral pul-
monary stenosis was the most common (11 patients): 
bilateral in 6 patients and unilateral in 5 patients. Pat-
ent ductus arteriosus was present in 5 patients, an atrial 
septal defect was present in 2 patients, and a ventricular 
septal defect was present in 1 patient. Butterfly verte-
brae were present in 11 (64.7%) patients (Fig. 1B). Poste-
rior embryotoxon was found in 6 (35.3%) patients. Optic 
nerve drusen were found in 1 (5.9%) patient. Renal abnor-
malities were found in only 1 patient (5.9%) in the form 
of pelvi-ureteric junction obstruction. Upper endoscopy 
was performed for 2 patients who complained of hemate-
mesis; hiatus hernia was diagnosed in both patients, and 
one of these patients had grade 1 esophageal varices 
(Table 1). Liver function tests and lipid profiles are shown 
in Table 2.

Molecular and segregation analysis
Among the 17 studied cases, five mutations have been 
detected. All identified mutations in five patients were 
novel. All five detected variants were replicated using 
the patients’ DNA and available family members’ DNA. 
Segregation study in two patients confirmed that the 
detected mutations were de novo (Patients 2 and 4), as 

the mutations could not be detected in both parents. 
The mutation in Patient 5 [JAG1: c.2280_2281delGG p. 
(V761Qfs*24)] was detected in his mother; therefore, it 
was considered a familial mutation. In contrast, in the 
other two patients, the DNA of only one parent (whether 
mother or father) was available and was normal. Pedigree 
of the patients’ families was summarized in Fig. 2. Table 3 
shows the detailed results of the DNA sequencing of the 
JAG1 gene (NM_000214.3).

All mutations were considered pathogenic accord-
ing to the standards of the ACMG classification. They 
are null variants (e.g., nonsense, frameshift, and canoni-
cal ± 1 or 2 splice sites) in a gene where loss-of-function 
is a known disease mechanism and fulfilled the PVS1 
rule of the ACGM guidelines. The detected mutations 
included two nonsense mutations, one splicing mutation, 
one frameshift insertion, and one frameshift deletion 
(Table 3; Fig. 2).

All five children with JAG1 mutations had cardio-
vascular involvement. Peripheral pulmonary stenosis 
(4 of 5) was the most frequent cardiac anomaly. Hiatus 
hernia was observed by upper endoscopy in 2 children 
and pelvi-ureteric obstruction in 1 child. One child had 
thalassemia intermedia (Table 3).

Discussion
ALGS is a multisystem disorder with variable phenotypic 
penetrance even in the same family [32]. Seven patients 
(41%) presented with poor growth. Growth failure may 
occur for several causes in ALGS. Reduced bile flow often 
results in the malabsorption of vital nutrients that affects 
the growth of these children [29]. The extreme height 
limits seen in many patients may also be a feature of the 
vertebral and skeletal abnormalities seen in ALGS [18]. 
Some ALGS patients have been reported to have hypo-
thyroidism. Growth hormone insensitivity has also been 
reported [4]. Pancreatic insufficiency tends to affect a 
considerable number of patients, up to 42% [10].

All patients in our study presented with facial dys-
morphism and hepatic manifestations, as has previously 
been noted in both Vietnamese and European/American 
ALGS cohorts (Table  1) [23, 33]. However, at recruit-
ment time, cholestatic jaundice; was detected in 52.9%. 
The absence of jaundice does not preclude cholestasis 
evident by the severe pruritus that almost all patients 
suffered from. A paucity of interlobular bile ducts was 
detected in 29.4%. Biopsy performed in early infancy may 
not show bile duct paucity in ALGS patients [31]. The 
median [interquartile range (IQR)] age at biopsy of five 
patients whose biopsy showed a paucity of interlobular 
bile ducts was 3 (2.5) months. The median (IQR) age at 
biopsy of the other seven patients whose biopsy showed 
neonatal hepatitis was 2 (2.5) months. Comparing the 
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Fig. 1 A The characteristic facial features include a prominent forehead, depressed nasal bridge, deep‑set eyes, cupped ears, and pointed chin. P1–
P5 is corresponding to patients 1–5, respectively. B X‑ray showing butterfly vertebrae (black arrow)
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clinical picture of the Vietnamese and European/Ameri-
can ALGS patients with our cohort, the cardiac, skeletal, 
eye and renal abnormalities were less in our study 88.2%, 
64.7%, 41.1% and 5.9% respectively [23, 33] (Table 1).

Xanthomas were noticed in 2 (11.8%) patients who had 
hypercholesterolemia, less than double the upper limit 

of normal. Hannoush et al. [16] described an infant with 
ALGS who had a previously undescribed frameshift path-
ogenic mutation in the JAG1 gene and presented with 
xanthomatosis and had hypercholesterolemia more than 
twice the upper limit of normal. Fifteen (88.2%) patients 
had abnormal findings in echocardiography (peripheral 
pulmonary stenosis in 11 patients). Ninety percent of 
ALGS patients had congenital heart disease [30]. Periph-
eral pulmonary stenosis is the most common [6, 9]. But-
terfly vertebrae were detected in 64.7% of the patients; 
this finding was described previously in 94.1% [23], 57% 
[9]33, and 47% [6]. Posterior embryotoxon was present in 
35.2%, much lower than the previously published cohort 
(68%; [14] and in another published cohort 79% [9]. Hia-
tus hernia was an interesting observation detected by 
upper endoscopy in 2 (11.8%) patients. In addition, one 
of our ALGS patients presented with thalassemia inter-
media in addition to ALGS.

Most Egyptian records discussed and investi-
gated the clinical findings of ALGS, but no molecu-
lar studies were reported. In this study, a group of 17 
patients with typical clinical manifestations of ALGS 
have been examined and screened for mutations in 
10 of JAG1 exons where 49% of JAG1 mutations were 
reported according to the updated Ensembl database 
[12, 33] [Gene: JAG1 (ENSG00000101384) – (Variant 

Table 1 Characteristics of ALGS patients in our cohort in comparison to previously reported studies

Characteristics The present study No. 
patients (n = 17)

Vietnamese ALGS individuals 
No. patients (n = 18) [23]

European/American ALGS 
individuals No. patients 
(n = 326) [33]

Facial dysmorphism 100% Not detected 96%

Hepatic manifestation 100% 100% 97.3%

Jaundice 52.9%

Pruritus 88.2%

Hepatomegaly 64.7%

Elevated liver enzymes 94.1%

Paucity of interlobular bile ducts by liver biopsy 29.4%

Splenomegaly 23.5% Not detected Not detected

Cardiac abnormalities 88.2% 94% 97.9%

Peripheral pulmonary stenosis 73.4%

Patent ductus arteriosus 33.4%

Atrial septal defect 13.4%

Ventricular septal defect 6.7%

Skeletal abnormalities (Butterfly vertebrae) 64.7% 94.1% 57.9%

Eye examination 41.1% 100% 68.3%

Posterior embryotoxon 35.2%

Optic nerve drusen 5.9%

Xanthoma 11.8% Not detected Not detected

Hiatus hernia by upper endoscopy 11.8% Not detected Not detected

Pelvi‑ureteric obstruction 5.9% 27.3% 30.5%

Table 2 Liver function tests and lipid profile of the studied 
children

ALP = alkaline phosphatase; ALT = alanine aminotransferase; AST = aspartate 
aminotransferase; GGT = gamma glutamyl transpeptidase; HDL = high density 
lipoprotein; INR = international normalized ratio; LDL = low density lipoprotein

Value

Total bilirubin (mg/dL), median (range) 2.7 (0.1–10.4)

Direct bilirubin (mg/dL), median (range) 1.5 (0–9.7)

ALT (IU/L), median (range) 171 (42–642)

AST (IU/L), median (range) 182 (43–430)

GGT (IU/L), median (range) 391 (2–956)

ALP (IU/L), mean ± SD 599 ± 250.4

Albumin (g/dL), mean ± SD 3.5 ± 0.4

INR, mean ± SD 1 ± 0

Total cholesterol, mean ± SD 244 ± 44.9

Triglyceride, mean ± SD 190 ± 60

HDL‑C, mean ± SD 59.9 ± 9.4

LDL‑C, mean ± SD 194 ± 65
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Table—Homo_sapiens—Ensembl Genome Browser 
104, 11)] with a high incidence of pathogenic vari-
ants. Screening in the selected 10 exons is first step to 
study the rest of patients extensively with high through-
put technology like whole exome sequencing. Espe-
cially, there is a probability of other genetic causes like 

mutations in NOTCH2 gene or CNVs in JAG1 gene [12, 
22, 24].

Five patients have been confirmed by PCR and Sanger 
sequencing to have novel pathogenic heterozygous muta-
tions in the JAG1 gene. These mutations are inherited 
in an autosomal dominant pattern; however, they are de 

Fig. 2 Patients’ families’ pedigree and chromatograms of DNA sequencing results showing detected heterozygous mutations in different families 
(1–5). The black arrow points to the detected variants in families 1 to 3. The highlighted sequences in sequencing chromatograms show the 
frameshift in the DNA sequence due to the detected variants in families 4 and 5
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novo in half of the cases, as reported by other authors 
[29]. In this study, examination of both parents’ DNA 
confirmed two mutations to be de novo (patient 2 and 4) 
and one was a familial mutation. The mother of patient 
5 showed characteristic facial features, including a trian-
gular face, prominent forehead, hypertelorism with deep-
set eyes, and pointed chin. In the two other patients, 
only one parent was studied, and they had no history of 
the disease in their families. The detected mutations in 
this study are mostly null: nonsense, splicing, or indels 
frameshifting mutations. According to the ACMG guide-
lines, they are pathogenic and strongly affect the JAG1 
protein [25]. This coincided with previous reports [3, 24, 
31]. All detected mutations are novel variants and were 
not found in GnomAD exomes, and different prediction 
software suggested the pathogenic effect of all muta-
tions. They are mostly in the coding sequences located in 

a mutational hot-spot and the well-established functional 
domain of the JAG1 protein.

All detected mutations were in the extracellular 
domains of the JAG1 protein. A mutation has been 
detected in the delta/serrate/lag-2 (DSL) domain 
(p.Y190*). Yuan et  al. [34] reported a phenotype-geno-
type correlation between the whole deletion of DSL in 
the JAG1 gene and the severity of liver affection in ALGS 
patients. In this study, the most common mutation in 
the JAG1 gene was reported in epidermal growth factor 
(EGF)-like repeats. Three mutations have been detected 
in EGF-like repeats 3, 13, and 14 and one in the cysteine-
rich region (Table  3). This is consistent with previous 
reports, which revealed a high incidence of mutations in 
EGF-like repeats of the JAG1 gene [7].

The limitation of this study is that not all exons of 
the JAG1 gene were studied due to a limited budget; 

Table 3 Detailed results of the DNA sequencing of the JAG1 gene

ACMG = American College of Medical Genetics; DSL = Delta/Serrate/Lag-2 Domain, EGF = epidermal-growth-factor-like FS, frameshift; HGVS, Human Genome 
Variation Society; P, patient; Ter, termination

Patient no HGVS coding HGVS protein Exon Domain Coding 
impact

ACGM 
classification

Reference Associated 
clinical 
features

P1 c.570C > A p.Y190* 4 DSL Nonsense Pathogenic Novel Bilateral periph‑
eral pulmonary 
artery stenosis
Patent ductus 
arteriosus
Hiatus hernia

P2 c.756‑1G > A Intronic Intron of ex.6 Noncoding Splicing Pathogenic Novel and de 
novo

Bilateral periph‑
eral pulmonary 
artery stenosis

P3 c.928G > T p.G310* 7 EGF‑like 
repeats 3

Nonsense Pathogenic Novel Unilateral 
peripheral pul‑
monary artery 
stenosis
Butterfly verte‑
brae
Thalassemia 
intermedia

P4 c.2157_2158insC p.(C720Lfs 
Ter 3)

17 EGF‑like 
repeats 13

FS insertion 
and termina‑
tion after 3 
amino acids

Pathogenic Novel and de 
novo

Unilateral 
peripheral pul‑
monary artery 
stenosis
Ventricular 
septal defect
Butterfly verte‑
brae
Pelvi‑ureteric 
junction 
obstruction

P5 c.2280_2281delGG 
p. (V761Qfs*24)

p. 
(V761Qfs*24)

18 EGF‑like 
repeats 14

FS and 
termination 
of the protein 
after 25 amino 
acids

Pathogenic Novel Patent foramen 
ovale
Left ventricular 
hypertrophy
Butterfly verte‑
brae
Posterior 
embryotoxon
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however, the studied exons were chosen as hot-spots 
according to previous studies. No phenotype-genotype 
correlation could be drawn from only five mutations. 
Despite this limitation, the yield of novel pathogenic 
mutations on studying 10 of 26 exons is considered 
high.

In conclusion, this cohort is the first molecular study 
in ALGS within the Egyptian population. Five novel JAG1 
pathogenic variants have been identified. Further studies 
are planned to cover the rest of the gene exons in more 
patients, which may help establish a genotype–pheno-
type correlation, and discover more about the prevalence 
of noticed polymorphic sites in the population to define 
its role and the ancestor of the detected mutations.
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